We studied serum antibodies against gangliosides GQ1b and GM1 in 13 patients with Miller Fisher syndrome (MFS) and in 18 patients with Guillain-Barré syndrome (GBS) with cranial nerve involvement. Anti-GQ1b titers were elevated in all patients with MFS cases (immunoglobulin G [IgG] > IgA, IgM), and in 8 of the 18 with GBS. Lower frequencies of increased anti-GM1 titers were observed in MFS patients (3 of 13), as well as in GBS patients (5 of 18). During the course of MFS, anti-GQ1b titers of all Ig classes decreased within 3 weeks after onset. By contrast, anti-GM1 titers (mainly IgM) transiently increased during the course of MFS in five of six patients, suggesting a nonspecific secondary immune response. In patients with MFS following respiratory infections, IgG was the major anti-GQ1b Ig class (six of six patients) and IgG3 was the major subclass (five of six). In contrast, four of five patients with MFS following gastrointestinal infections showed predominance of anti-GQ1b IgA or IgM over IgG and predominance of the IgG2 subclass; anti-GQ1b IgG (IgG3) prevailed in one patient only. These distinct Ig patterns strongly suggest that different infections may trigger different mechanisms of anti-GQ1b production, such as via T-cell-dependent as opposed to T-cell-independent pathways. Thus, the origin of antibodies against GQ1b in MFS may be determined by the type of infectious agent that precipitates the disease.
Miller Fisher syndrome (MFS) is regarded as a rare clinical variant of Guillain-Barré syndrome (GBS), an inflammatory demyelinating disease of the peripheral nervous system, and is characterized by cranial nerve involvement typically leading to ophthalmoplegia (5) . Both MFS and GBS are associated with serum antibodies against gangliosides, which may contribute to an autoimmune pathogenesis of these diseases. More than 90% of MFS patients show immunoglobulin G (IgG) antibodies against gangliosides GQ1b and GT1a (8, 35, 36, 38) . AntiGQ1b and/or anti-GT1a antibodies are also present in patients with Bickerstaff's encephalitis (37) as well as in GBS patients who exhibit ophthalmoplegia (8) or oropharyngeal palsy (19, 22) , suggesting a specific role in cranial nerve impairment. On the other hand, a considerably lower incidence (20 to 30%) of antibodies against gangliosides, predominantly GM1 and GD1b, is found in classical GBS (for reviews, see references 13 and 32) .
Both MFS and GBS develop following various infections of the respiratory or gastrointestinal tract in around two-thirds of patients (5, 14) , justifying the former term, "postinfectious polyneuritis." Identified associated agents are cytomegalovirus and Epstein-Barr virus (10) , as well as Mycoplasma pneumoniae (11) ; the most common pathogen linked to MFS and GBS (in roughly 30% of cases) is Campylobacter jejuni (24) , a gram-negative bacterium that frequently causes enteritis. Specific associations between MFS or GBS and certain C. jejuni serotypes (17, 42) and particular structural homologies between lipopolysaccharides (LPS) from these serotypes and gangliosides (2, 3, 26, 39) suggest molecular mimicry as a trigger for the production of antibodies against gangliosides (reviewed in reference 32). The issue of ganglioside-specific antibodies and infection with C. jejuni has been studied extensively in GBS patients (for reviews, see references 13 and 32) , and significant associations between the presence of anti-GM1 antibodies and preceding C. jejuni infection have recently been reported (15, 23, 42) .
Studies on the IgG subclass distribution of antibodies against gangliosides have demonstrated mainly IgG1 and IgG3 among anti-GM1 antibodies in patients with GBS, including patients after C. jejuni infection (9, 21, 41) , as well as among anti-GQ1b antibodies in MFS patients (36) . This subclass pattern suggests a recruitment of T-cell help in antibody generation and appears unusual, since IgG1 and IgG3 are generally associated with T-cell-dependent responses to protein antigens whereas IgG2 is characteristically induced by T-cell-independent carbohydrate antigens (reviewed in reference 16).
Whereas many reports have focused on anti-GM1 antibodies in GBS patients with respect to preceding infection, antiGQ1b antibodies in MFS patients have, to our knowledge, not been studied with regard to possible differences in Ig patterns after different infections. We investigated the Ig class and IgG subclass of antibodies against GQ1b in MFS patients following respiratory and gastrointestinal infections. The specificity of the immune response against GQ1b was assessed by comparison of anti-GQ1b and anti-GM1 antibodies in MFS patients as well as GBS patients showing involvement of cranial nerves (GBS/cra patients). In particular, we monitored the titers of antibodies against GQ1b and GM1 in parallel over the course of disease in several MFS patients.
demonstrated by conventional bacteriological cultivation; however, serotyping of these C. jejuni strains was not performed. The causative agents for the other cases of antecedent respiratory or gastrointestinal infection were not identified. GBS patients showed deficits of one or more cranial nerves (facial and/or abducens palsy, dysarthria, and dysphagia). In all but two cases, first serum samples were collected in the acute phase of the disease, before specific treatment started; consecutive samples were studied in six MFS patients. Serum from 20 healthy individuals and CSF from 30 patients with other neurological disorders, such as motor neuron disease or multiple sclerosis, served as controls.
Ig classes of antibodies against GQ1b and GM1. Anti-ganglioside IgA, IgG, and IgM antibody levels in serum were determined by enzyme-linked immunosorbent assay (ELISA) as described by Marcus et al. (18) and modified as follows. Polystyrene microtiter plates (Nunc, Kamstrup, Denmark) were coated with 1.8 mM GQ1b (IsoSep AB, Tullinge, Sweden) or GM1 (Sigma, St Louis, Mo.) in ethanol or with ethanol alone. The plates were dried and then saturated for 2 h at room temperature with 1% fetal calf serum (FCS [Gibco, Paisley, Scotland]) in phosphate-buffered saline (pH 7.2) (PBS) containing 0.005% Tween 20 (FCS-PBST). Test serum was applied in serial twofold dilutions starting at 1:20 (for anti-GQ1b) or 1:10 (for anti-GM1) in FCS-PBST for an 18-h incubation at 4°C, including a positive standard serum as the internal reference on each plate. Washing with PBST was followed by incubation with peroxidaseconjugated rabbit anti-human IgA, IgG, or IgM (Dako, Glostrup, Denmark), diluted 1:500 in FCS-PBST, for 2 h at 4°C. Standardized peroxidase substrate and extinction (E) reading steps were performed as described previously (28) .
Titers were expressed as ⌬E (E GQ1b coat or E GM1 coat minus E ethanol coat ) values. Coefficients of variation (CV) for interassay variance were determined in repetitive runs (n ϭ 20) of the positive reference sera; CV for anti-GQ1b were 13.5% (IgA), 11.0% (IgG), and 15.7% (IgM); CV for anti-GM1 were 12.2% (IgA), 13.9% (IgG), and 11.6% (IgM). To minimize the influence of this variation, ⌬E values obtained for test sera were corrected by being related to the reference ⌬E on each plate. In addition, sequential samples for longitudinal monitoring were tested in the same ELISA run. Titers were calculated for a 1:20 (anti-GQ1b) or 1:10 (anti-GM1) serum dilution, and samples were considered positive when their mean titer (from at least duplicate independent assays) exceeded the cutoff, determined as the mean titer plus 2 standard deviations in groups of healthy controls. Serum anti-GQ1b cutoffs (1:20; 16 controls) were 0.17, 0.32, and 0.30 for IgA, IgG, and IgM, respectively, and serum anti-GM1 cutoffs (1:10; 20 controls) were 0.08, 0.25, and 0.18 for IgA, IgG, and IgM, respectively. CSF samples were examined by using a 1:2 starting dilution for both antiGQ1b and anti-GM1 antibodies. CSF cutoffs (1:2), determined in controls with other neurological disorders, were 0.08 (IgA), 0.14 (IgG), and 0.07 (IgM) for anti-GQ1b (10 controls) and 0.02 (IgA), 0.04 (IgG), and 0.02 (IgM) for anti-GM1 (30 controls).
IgG subclasses of antibodies against GQ1b. The method outlined above was used to determine anti-GQ1b IgG subclasses in IgG-positive samples with dilutions starting between 1:2 and 1:10,000 (depending on the IgG titer). Peroxidaseconjugated monoclonal mouse anti-human IgG1, IgG2, IgG3, and IgG4 antibodies (Zymed, San Francisco, Calif.), diluted 1:1,000, were the second antibodies. The optimal dilution, sensitivity, and specificity of anti-IgG subclass conjugates were determined by ELISA with purified human kappa myeloma IgG1, IgG2, IgG3, and IgG4 (Sigma) as standards. Anti-IgG subclass antibodies at a 1:1,000 dilution detected less than 8 ng of each respective IgG subclass per well with virtually no cross-reactivity. Anti-GQ1b IgG subclass mean titers (duplicate assays) were expressed as ⌬E values at a 1:2 sample dilution.
Statistical data analysis. Comparison of anti-GQ1b titers between patient and control groups and assessment of significant differences were performed by the Mann-Whitney U test. The correlation between titers of different Ig classes or IgG subclasses was examined by linear regression analysis. Differences in antiGQ1b and anti-GM1 frequencies among groups were tested for significance by Fisher's exact test of probability. StatView II software was used for statistical calculations.
RESULTS
Anti-GQ1b and anti-GM1 antibodies in patients with MFS and GBS. Serum IgA, IgG, and IgM titers against ganglioside GQ1b in MFS patients, GBS/cra patients, and healthy controls are presented in Fig. 1 . MFS patients showed significantly higher anti-GQ1b titers of all Ig classes, predominantly IgG, than did controls (Mann-Whitney U test; P ϭ 0.0001 for IgA, IgG, and IgM) or GBS/cra patients (P Ͻ 0.001 for IgA, P ϭ 0.0001 for IgG, P Ͻ 0.01 for IgM). No significant differences in anti-GQ1b titers were detected between GBS/cra patients and controls.
Incidences of elevated serum antibody titers against gangliosides GQ1b and GM1 in patient groups and controls are compared in Table 2 . Seropositivity for anti-GQ1b antibodies (IgA, IgG, and/or IgM) was demonstrated in 13 of 13 MFS patients (100%) (P Ͻ 0.0001, Fisher's exact test) and in 8 of 18 GBS/cra patients (44%) (P Ͻ 0.05, Fisher's exact test), versus 1 of 16 controls (6%). In contrast, frequencies of anti-GM1-seropositive cases were lower than those of anti-GQ1b-seropositive cases and were similar in the MFS (23%) and the GBS/cra (28%) patient groups but were not significantly different from controls (5%). However, the IgG class anti-GM1 titer was elevated in 4 of 18 GBS/cra patients versus 0 of 20 controls (P Ͻ 0.05, Fisher's exact test), and in these 4 patients the GBS had followed gastrointestinal infections.
Anti-GQ1b Ig class and IgG subclass pattern in relation to preceding infection. The Ig class and IgG subclass distributions of serum antibodies against GQ1b in MFS patients are given in Table 3 . Overall, anti-GQ1b IgG was strongly associated with IgG3: there was a significant positive correlation between IgG and IgG3 titers (linear regression, r ϭ 1, P ϭ 0.0001); IgG3 was the predominating subclass in seven of eight MFS patients with mainly IgG antibodies (versus IgA and IgM), while IgG2 predominated in four of five patients with substantial IgA or IgM titers (P Ͻ 0.005, Fisher's exact test).
The frequencies of predominant serum anti-GQ1b Ig classes and IgG subclasses in MFS patients following respiratory (MFS/resp) and gastrointestinal (MFS/gast) infections are compared in Table 4 . IgG was the main anti-GQ1b Ig class in six of six MFS/resp patients, while IgA or IgM predominated over IgG in four of five MFS/gast patients (P Ͻ 0.02, Fisher's exact test). The main anti-GQ1b IgG subclasses were IgG3 (five cases) or IgG1 (one case) in MFS/resp patients but IgG2 in four of five MFS/gast patients (P Ͻ 0.02, Fisher's exact test). Anti-GQ1b IgG titers were higher in MFS/resp patients than MFS/gast patients (P ϭ 0.0285, Mann-Whitney U test); however, differences between MFS/resp and MFS/gast patients with regard to anti-GQ1b IgA, IgM, and IgG subclass titers did not reach significance.
Of the MFS patients after C. jejuni infections, two had antiGQ1b IgA and IgM titers higher than IgG titers (patient 9, on Three GBS/cra patients were seropositive for anti-GQ1b IgG (Table 2) . Predominant IgG class and IgG2 or IgG3 subclass (one patient each) responses against GQ1b were observed in two GBS/cra patients with antecedent gastrointestinal infections; IgA predominated over IgG (IgG1) in one patient without known infection (results not shown). Summarizing data from MFS and GBS/cra patients for analysis of anti-GQ1b Ig classes or IgG subclasses with respect to infection did not significantly alter the results described above.
Anti-GQ1b and anti-GM1 antibodies during the course of MFS. Antibodies against GQ1b and GM1 were monitored in sequential serum samples from six MFS patients over the course of disease, as demonstrated in Fig. 2 . Anti-GQ1b IgA, IgG, and IgM titers decreased within 2 to 3 weeks after disease onset in all cases. Simultaneously, the patients showed a substantial clinical recovery of function without recurrence. However, five patients showed anti-GQ1b IgG and/or IgM titers still elevated above the cutoff level 5 to 29 months after onset ( Fig. 2B to F) .
On the other hand, anti-GM1 titers increased during the course of MFS in five of six patients. Transient peaks of anti-GM1 IgM were seen around 2 weeks after onset in three patients ( Fig. 2A, D , and E); IgM and IgG (Fig. 2F) , and IgG only (Fig. 2C) elevated above the cutoff level were observed in two other patients. An anti-GM1 response may have been missed in the only negative patient (Fig. 2B) , since no serum samples were obtained between days 7 and 151 after onset.
In the MFS patient with the highest serum anti-GQ1b IgG (IgG3) titer ( Fig. 2C ; patient 12 in Table 3 (5) a The incidence of elevated titers is given as number of seropositive cases (above the respective cutoff), using the earliest serum samples available. Significant differences between patients and controls (Fisher's exact test) are indicated as follows: ****, P Ͻ 0.0001; ***, P Ͻ 0.001; *, P Ͻ 0.05.
b Total number of seropositive cases in any of the three Ig classes/total number of patients. c CON, healthy controls.
negative, as were anti-GM1 antibody titers. Calculation of antiGQ1b IgG/total IgG as well as IgG/albumin ratios in CSF and serum suggested a peripheral origin rather than intrathecal synthesis of anti-GQ1b. Two of the three MFS patients tested did not show antibodies against GQ1b or GM1 in CSF, nor did the four GBS/cra patients.
DISCUSSION
Antibodies against ganglioside GQ1b were demonstrated in the serum of 100% of MFS patients and in the CSF of one patient with a remarkably high anti-GQ1b IgG titer in serum, thus confirming the very high incidence of anti-GQ1b antibodies in MFS (8, 33, 35, 36, 38) . Antibodies against GQ1b were also observed in serum of 44% GBS/cra patients, which supports a role of anti-GQ1b in the pathogenesis of cranial nerve impairment (8, 22) . The specificity of anti-GQ1b immunoreactivity is further substantiated by direct comparison to antibodies against GM1, which were found at considerably lower (and similar) frequencies among MFS and GBS/cra patients (23 and 28%, respectively). However, the anti-GM1 IgG titer was elevated in four GBS/cra patients with preceding gastrointestinal infections. These results agree very well with the reported incidence (20 to 30%) of anti-GM1 antibodies (13, 32) and with the association between anti-GM1 and enteritic infection in GBS (15, 23) .
Anti-GQ1b titers (all Ig classes) decreased within 2 to 3 weeks after MFS onset in all six patients monitored over the course of disease, again indicating a specific pathogenetic involvement, as reported in earlier studies (7, 8, 36, 38) . However, to our knowledge this is the first longitudinal study of MFS to examine antibody titers against GQ1b and GM1 in parallel. In contrast to the decrease in the anti-GQ1b titer, an increase in the anti-GM1 titer during the course of MFS was detected in five of six patients; this anti-GM1 response was predominantly IgM, with a transient peak around 2 weeks after disease onset. The appearance of antibodies against GM1 suggests a nonspecific immune response, possibly reflecting the release of GM1 as a major myelin ganglioside during the course of myelin destruction. That antibodies against gangliosides can be produced in response to nerve injury has been shown in an experimental system (27) . Such a process of autoantibody formation secondary to tissue damage may make a considerable contribution to the frequent occurrence of anti-GM1 antibodies, particularly IgM, in many different types of neuropathy (15, 34) . To what extent this might concern antibodies against GM1 in GBS, apart from their association with C. jejuni infection, remains an open question. Interestingly, early peaks in anti-GM1 IgM titers followed by a gradual decline were observed in a recent longitudinal study on GBS patients (4), thus supporting our results.
Ig classes of serum antibodies against GQ1b in MFS patients have been reported to be IgG more than IgM (8, 33, 38) and IgA (36); however, antecedent infections were either respiratory or not identified, and different types of infection were not compared. In our study, anti-GQ1b Ig class patterns were significantly different in MFS/resp and MFS/gast patients, although the number of patients studied was relatively small. MFS/resp patients showed higher anti-GQ1b IgG titers, and IgG predominated over IgA and IgM (six of six patients); in MFS/gast patients, IgA and IgM were the predominant antiGQ1b Ig classes (four of five patients). The frequent presence of IgA class anti-GQ1b antibodies in MFS/gast patients, similar to IgA anti-GM1 in GBS patients after intestinal infection (15, (29) (30) (31) , further strengthens the link between antibodies and enteritic processes.
IgG1 and IgG3 subclasses of anti-GQ1b have been observed in MFS patients; however, antecedent infections were not reported (36) . Our study comparing MFS/resp and MFS/gast patients demonstrated anti-GQ1b IgG subclass patterns different between the two. The major subclasses were IgG3 (five of a Incidence is given as number of patients with predominant anti-GQ1b Ig class or IgG subclass (Table 3) .
FIG. 2. Antibody titers against
GQ1b and GM1 during the course of disease in sera of six MFS patients (A to F). Each point represents a sequential sample, diluted 1:20 and 1:10 for anti-GQ1b and anti-GM1, respectively. Titers of the IgA class (triangles), IgG class (circles), and IgM class (squares) are given as ⌬E/cutoff ratios; values above the corresponding cutoff are given as solid symbols, and those below the cutoff as given as open symbols. Cases shown in panels A, B, C, D, E, and F correspond to patients 5, 13, 12, 2, 10, and 6, respectively (see Table 3 ). Arrows indicate the time points of treatment with intravenous Ig (B, C, D, and F) or plasmapheresis (A). six) or IgG1 (one of six) in MFS/resp patients and IgG2 (four of five) or IgG3 (one of five) in MFS/gast patients. In addition, significant associations between predominant anti-GQ1b IgG and the IgG3 subclass, as well as between substantial IgA or IgM (versus IgG) and the IgG2 subclass, were detected. These are new findings, at variance with previous reports on IgG subclasses of anti-GQ1b antibodies in MFS (36) and of anti-GM1 antibodies in GBS (9, 21, 41) . A possible explanation is that IgG subclasses against gangliosides have apparently not been examined in patients with considerable IgA and/or IgM responses until now.
Although causative agents were not positively identified, apart from in three patients with C. jejuni enteritis, the novel results of the present study revealed distinct distributions of Ig against GQ1b in MFS/resp and MFS/gast patients. This difference appears relevant to the question of anti-GQ1b origin and production mechanism (13, 32) . The prominent IgG class and IgG3 or IgG1 subclass response against GQ1b in MFS/resp patients supports the conclusion that antibody generation is dependent on T-cell help, possibly induced by a glycoprotein antigen or mediated via noncognate mechanisms (36) . On the other hand, the predominant anti-GQ1b IgG2 response in MFS/gast patients may favor T-cell-independent antibody formation, typically stimulated by carbohydrate antigens such as glycolipids or bacterial LPS (16) . Consequently, the distinct anti-GQ1b Ig patterns might relate to carbohydrate epitopes in the context of different antigens expressed by infectious agents. Thus, Ig classes and IgG subclasses of antibodies against GQ1b may reflect the immune response initiated by the particular viruses or bacteria which precipitate the disease (10, 11, 24) . LPS from C. jejuni have been suggested as candidate antigens for triggering the induction of antibodies against gangliosides through the mechanism of molecular mimicry by oligosaccharide epitopes (2, 3, 26, 39) . With respect to MFS, this possibility has been supported by antibody cross-reactivity between GQ1b and LPS from MFS-linked C. jejuni serotypes, demonstrated with monoclonal anti-GQ1b antibodies (40) as well as with MFS patient antisera in our earlier study (20) . The distinct patterns of antibody against GQ1b in MFS/resp and MFS/ gast patients may argue in favor of a causal relationship between infectious illness and neurological disease via the priming of an anti-GQ1b immune response.
